Observations of the tropical nitrogen (N) cycle over the past half century indicate that intact tropical forests tend to accumulate and recycle large quantities of N relative to temperate forests, as evidenced by plant and soil N to phosphorus (P) ratios, by P limitation of plant growth in some tropical forests, by an abundance of N-fixing plants, and by sustained export of bioavailable N at the ecosystem scale. However, this apparent up-regulation of the ecosystem N cycle introduces a biogeochemical paradox when considered from the perspective of physiology and evolution of individual plants: The putative source for tropical N richness-symbiotic N fixation-should, in theory, be physiologically down-regulated as internal pools of bioavailable N build. We review the evidence for tropical N richness and evaluate several hypotheses that may explain its emergence and maintenance. We propose a leaky nitrostat model that is capable of resolving the paradox at scales of both ecosystems and individual N-fixing organisms. 
WHAT SUSTAINS NITROGEN RICHNESS IN TROPICAL FORESTS?
Tropical forests play a pivotal role in regulating Earth's climate and biogeochemical cycles through their vast exchanges of energy, water, carbon, and nutrients with the global atmosphere (Bonan 2008 , Brown & Lugo 1982 , Cleveland et al. 1999 , Field et al. 1998 , Melillo et al. 1993 ). Because of their high productivity, tropical forests account for a large proportion of global terrestrial carbon storage and cycling and are thought to play a critical role in buffering the atmosphere against rising CO 2 (Chave et al. 2008 , Gerber et al. 2009 , Malhi & Phillips 2004 , Phillips et al. 1998 ). Yet, despite the well-recognized importance of this biome to biogeochemistry as well as biological diversity, fundamental uncertainties remain in our understanding of the nutrient cycles that underlie the productivity and dynamics of these forests worldwide.
One of the most vexing problems lies in the resolution of the nitrogen (N) cycle across this vast biome. Although tropical forests are quite variable in biotic composition and functional properties, it is often assumed that humid lowland tropical forests generally are rich in N relative to other nutrients such as phosphorus (P) or calcium (Ca). This assumption is supported by evidence indicating that at least some tropical forests possess the capacity to build up, recycle, and export (via leaching and denitrification) very large quantities of N (e.g., Davidson et al. 2007 , Hall & Matson 1999 , Hedin et al. 2003 , Houlton et al. 2006 , Jenny 1950 , Martinelli et al. 1999 , Vitousek 1984 , Vitousek & Sanford 1986 . This capacity introduces a stark and fundamental contrast in our conception of forests as biogeochemical systems: Temperate forests are seen as subject to strong and persistent N limitation, whereas lowland tropical forests are viewed as possessing the exceptional capacity to develop abundant supplies of N. Is such a biome-scale dichotomy in N cycling real and, if so, what maintains it?
The view of lowland tropical forests as N rich is subject to two fundamental problems. First, the generalization is based on limited empirical information that often is indirect and nonexperimental. Second, and more fundamentally, it is theoretically difficult to resolve the emergence of N richness at the ecosystem level, based on mechanisms that operate at the level of physiology and ecology of individual N-fixing organisms. The most commonly offered explanation-that biological N fixation (BNF) brings in large amounts of new N from the atmosphere (e.g., Cleveland et al. 1999 , Crews 1999 , Galloway et al. 2004 , Jenny 1950 , Robertson & Rosswall 1986 , Vitousek & Howarth 1991 -suffers from the problem that, at the organismal level, BNF ought to be down-regulated in N-rich environments (e.g., Barron 2007 , Hartwig 1998 , Menge et al. 2009a , Pearson & Vitousek 2001 and therefore cannot be invoked as a mechanism that can sustain richness in N over other resources (Hedin et al. 2003) . Hedin et al. (2003) proposed that buildup of bioavailable N in humid tropical forests presents a major unresolved paradox in the terrestrial N cycle with implications for understanding how organisms function within ecosystems and how forests function within the global Earth system.
We here review the evidence for the idea that humid tropical forests can naturally develop high bioavailability of N relative to other resources. We also examine three competing mechanisms that individually, or in combination, can resolve this paradox of N richness in tropical forest ecosystems. Finally, we discuss some key challenges for the path toward better understanding of the N cycle in this important biome.
THE TROPICAL NITROGEN PARADOX
In 1950, Hans Jenny first raised the question of why some tropical forests appear to build up and recycle very large amounts of N ( Jenny 1950) . Based on the limited data available at the time, and using back-of-the-envelope calculations of soil nutrient turnover ( Jenny et al. 1948 ( Jenny et al. , 1949 , identifies a fundamental contradiction across scales of biological organization: Though BNF can sufficiently resolve the emergence of N richness at the level of ecosystems, the explanation is inconsistent with theoretical expectations of how BNF should function as an adaptive strategy at the level of individual organisms.
McKey (1994) advocated a slightly different perspective by suggesting that the ecological benefits associated with the N-rich lifestyle of legumes (many of which are N fixers)-such as elevated photosynthetic capacity, N-rich seeds, or increased herbivore defense by N-rich compoundsmay outweigh the costs of BNF even in habitats where soil N is sufficient for nonfixing plants. This perspective offers support for the idea that N fixers fix even when N availability is high and, as a result, fixation can be the major determinant of N-rich conditions in tropical lowland forests (Cleveland et al. 1999 , Houlton et al. 2008 , Jenny 1950 . The perspective introduces the idea of overfixation, which we here define as fixation that is sustained even in the face of high N availability. Such overfixation can, in theory, maintain N inputs at the ecosystem scale, even beyond what is needed to alleviate N limitation.
Overfixation can result if fixers are physiologically unable to reduce BNF in environments with high bioavailable N. Obligate fixation is the, perhaps, most pure form of overfixation, in which fixers are incapable of adjusting BNF in response to any change in local levels of bioavailable N. Overfixation can also result from an imperfect feedback between BNF and N availability, such that down-regulation of BNF occurs only once N has accumulated well beyond N limitation. Although differing in magnitude, imperfect regulation and obligate fixation yield the same effect: maintenance of N fixation beyond what is needed to alleviate N limitation. In a competitive environment, such overfixation is likely energetically costly compared to the strategy of instantaneous, facultative down-regulation. It is therefore reasonable to expect strong selective pressure on the ability of individual fixers to fine-tune BNF to match local N availability, to the extent such fine-tuning is possible (Menge et al. 2008) .
Using a simple ecosystem model, we next explore the influence of three alternative fixation strategies on the buildup and loss of bioavailable N at the ecosystem level: absence of N fixation, obligate overfixation (constant N fixation per unit plant biomass), or perfect facultative fixation (down-regulation of BNF once N limitation is alleviated). We then compare this analysis against empirically observed patterns of N cycling.
INFLUENCE OF FIXATION DYNAMICS ON ECOSYSTEM NITROGEN RICHNESS
Inputs of external N by fixation can have complex and even counterintuitive effects on the availability, cycling, and loss of N at the ecosystem level. Of particular concern is whether a dynamic feedback is established between fixation and local N availability. We here summarize the consequences of different fixation dynamics by showing simulation results from a plant-soil ecosystem model. Our analysis builds on earlier models (Menge et al. 2008 (Menge et al. , 2009a by incorporating a second mineral nutrient resource in addition to N and allowing different dynamics of BNF. Although the second resource could be any growth-limiting nutrient, we here consider P because it is often assumed to limit plant growth in many tropical soils (Porder et al. 2007 , Vitousek 1984 .
As illustrated schematically in Figure 1 , we let plant biomass growth (dB/dt) depend on uptake of bioavailable N (A N ) and P (A P ) from the soil and from N fixation (F), and we express the cost of N fixation as a reduction in net plant growth: 
Figure 1
Model of ecosystem nutrient cycle of nitrogen (N) and a second mineral resource, in this case phosphorus (P). The model builds upon a family of models designed to evaluate ecosystem nutrient limitation (e.g., Daufresne & Hedin 2005; Menge et al. 2008 Menge et al. , 2009a Vitousek et al. 1998 , Vitousek & Field 1999 . Nutrients enter the ecosystem via atmospheric deposition (external inputs) and, in the case of N, via biological N fixation (nitrogen fixation). Nutrients exist in fixed quotas in plant biomass (B) and cycle within the ecosystem through a soil detritus (D) and a plant-available pool (A). Ecosystem losses occur either as bioavailable inorganic nutrients (e.g., nitrate and phosphate) from the plant-available pool or as unavailable dissolved organic nutrients (DON and DOP) that leach from the detrital pool (e.g., Hedin et al. 1995 Hedin et al. , 2003 . Although our discussion considers mainly leaching losses of organic versus inorganic nutrients, other loss vectors can be added. For example, because denitrification depends on the bioavailable nitrate pool A N , it can be treated similarly to hydrologic nitrate loss (Hedin et al. 2003) . In contrast, volatile nitrogen losses from fire do not directly depend on A N , but instead are equivalent to an increase in unavailable losses from the organic pool D N .
The parameters ω N and ω P are plant-nutrient use efficiencies for N and P, ν N (A N ) and ν P (A P ) are saturating uptake functions of bioavailable N and bioavailable P, μ is the plant biomass turnover rate, and θ is the carbon cost of N fixation. At the ecosystem level (Figure 1) , we distinguish two paths of N loss that are key for understanding nutrient availability and the emergence of nutrient limitation on plant growth (Gerber et al. 2009; Hedin et al. 1995 Hedin et al. , 2003 Menge et al. 2009b; Neff et al. 2004; Perakis & Hedin 2002; Vitousek et al. 1998) : losses that originate from the plant-available pool of inorganic nutrients (A N in Figure 1 ) versus those that originate from the plant-unavailable pool of organically bound soil nutrients (D N ). Although we focus on hydrological losses-that is, of dissolved nitrate from the bioavailable pool, and of dissolved organic N (DON) from the soil organic pool-losses from the plant-available pool can also occur as gaseous N emitted by soil transformations such as denitrification (e.g., Hedin et al. 2003 , Houlton et al. 2006 ). In addition, fire can promote volatile losses of unavailable N from organic pools. The dynamics of total N (T N ) within the ecosystem are given by the balance of inputs and these two losses:
Here, I N is the non-BNF input flux (that is, atmospheric deposition), k N is the loss rate of bioavailable N, and ϕ N is the loss rate of unavailable N. Equation 2 can be derived from equations 1, 2, and 4 in Menge et al. (2009a) ; consult this reference for a full description and analytical treatment of the model. We show in Figure 2 that N availability, nutrient limitation, and patterns of N loss depend dramatically upon the dynamics by which external N enters the ecosystem. If BNF is absent (that is, F = 0) in an unpolluted environment (that is, subject to low N deposition), plant biomass tends The model starts at equilibrium, then at 5 years, we remove 25% of plant N and 5% of soil N. After quasi-equilibrium is established, we fertilize with 100 kg ha −1 of P at 30 years.
to be limited by N and remains N-limited when subjected to either N removal from the internal cycle or increased P input (Figure 2a) . In addition, plant-available N (A N ) remains scarce, and hydrological losses are low and dominated by dissolved organic forms of unavailable N over bioavailable N. This condition is characteristic of unpolluted temperate forests that are subject to strong N limitation (e.g., Hedin et al. 1995 Hedin et al. , 2003 Perakis & Hedin 2002; McGroddy et al. 2008 ). If BNF is obligate (that is, F > 0 and F is constant in Equations 1 and 2), however, then overfixation is common and significant amounts of N build up in the plant-available pool (A N ), causing high and sustained ecosystem losses of nitrate over dissolved organic N (Figure 2b) . In this case, plant biomass responds positively to increased P input, and remains limited by P with the exception of a short period following internal N removal.
If BNF instead is perfectly facultative, such that it occurs only in N-poor conditions (that is, F depends inversely on A N in Equation 1), then plants never overfix and fixation acts to equilibrate plant N and P acquisition relative to demand over a wide range of N and P availabilities (Figure 2c ). Plant growth thus remains colimited by both nutrients, and biomass is responsive to both N removal and increased P input. As a result, ecosystem N losses are greater than in the no-fixation scenario, but differ from the obligate scenario in that these losses are composed entirely of dissolved organic N rather than bioavailable nitrate.
This comparative analysis illustrates that up-regulation of N availability above the availability of a second resource such as P, and beyond colimitation, depends on overfixation (Figure 2b ) and cannot be sustained by a facultative mechanism that equilibrates N demand relative to P. The analysis formally shows the difficulty of reconciling the idea of Jenny and others after him-that N fixation can sustain N richness and P limitation via overfixation-with the competing idea that N fixation is a costly, facultative plant strategy. Of note is the emergent prediction that perfectly facultative fixation should, over time, act to equilibrate N to P and/or other resources in limited supply (Figure 2c ). This prediction of colimitation is conceptually analogous to Alfred Redfield's influential idea that fixation acts to equilibrate N and P levels in the global ocean, at or near the ratio required by algal growth (Redfield 1958) . However, because Redfield's mechanism operates at the level of entire algal communities that turn over rapidly, equilibration between N and other resources may occur by community-level changes in relative abundances of fixers versus nonfixers. In contrast, the BNF-soil feedback occurs at timescales shorter than the life span of trees in forested communities, such that facultative down-regulation at the level of individual plants is the most likely mechanism that adjusts N relative to other resources.
Although empirical measures are limited, tropical forests are generally not thought to be colimited by N and P or any other mineral resource. We next examine the empirical evidence for N richness relative to other resources in tropical forests.
ECOSYSTEM-LEVEL EVIDENCE OF NITROGEN RICHNESS
Information about the bioavailability of nutrients in tropical forests comes from indirect observations of nutrient levels in soils, foliage, and litter; from direct nutrient manipulation experiments; and from ecosystem-scale measures of nutrient losses. Early studies considered total contents of nutrients in soils and plant tissues as an indication of availability to plants (e.g., Ewel 1976 , Greenland & Kowal 1960 , Grubb 1977 , Herrera et al. 1978 , Jenny 1950 , Jenny et al. 1948 , Nye 1961 . These studies noted high levels of N relative to other resources in both soils and plants. For example, Nye (1961) reported high concentrations of N in tropical litter compared to temperate biomes. In their comparison of major nutrients (N, P, Ca, etc.) in soils and vegetation across Fittkau's (1971) "ecological subregions" of the Amazon Basin (Figure 3a) , Herrera et al. (1978) reported especially low contents of P and Ca relative to N and other nutrients. More recent analyses have questioned whether nutrient ratios from individual species-which can vary substantially across taxonomic affiliation-can be used to indicate variations in soil nutrient availability . At the ecosystem level, however, plant P content appears to be responsive to local differences in soil P (Kitayama & Aiba 2002 , Nardoto et al. 2008 , Richardson et al. 2008 , Santiago et al. 2005 , Silver 1994 . By analyzing more than 1000 trees in 63 plots across the Amazon Basin, Fyllas et al. (2009) showed that foliar P, Ca, and K were strongly influenced by local growing conditions, whereas N largely varied with taxonomic affiliation. This apparent lack of variation in N (also shown in Nardoto et al. 2008 , Richardson et al. 2008 , Santiago et al. 2005 may indicate that N often is available in excess relative to P.
There were considerable efforts in the 1970s and 1980s to characterize plant-soil nutrient relations across tropical forests; this information is summarized in several critical reviews (Grubb 1989 , Högberg 1986 , Richter & Babbar 1991 , Sanchez 1976 , Vitousek & Sanford 1986 ). The emerging early view was that forests on highly weathered soils (oxisols/ultisols or ferrasols/alisols) often display high N but low P and Ca contents, whereas montane (and perhaps riverine) forests are comparably less rich in N. . In contrast, forests in which plant growth was demonstrably colimited by N and P or solely limited by P ( purple and blue thick lines, respectively) displayed high losses of nitrate relative to dissolved organic nitrogen. Ammonium is not a common dissolved N form and remained low across all sites. Error bars signify 1 SE of the mean. From Hedin et al. (2003) .
Despite this rather large body of information, it is problematic to generalize about biological availability based solely on nutrient contents of soils and/or plants. In their excellent early review, Vitousek & Sanford (1986) argued that static pools of soil N (or P) cannot be taken as adequate measures of bioavailability. More direct measures, such as rates of soil N (or P) mineralization, are still problematic as they fail to account for the nutrient demand imposed by plant growth-a term that can vary considerably with stand development, below-ground microbial processes, and species composition. In addition, measuring in situ mineralization of P, Ca, and other nutrients is methodologically difficult and, thus, rarely reported. As a result, measures of soil nutrients most often are too indirect and too incomplete to resolve their bioavailability to plants. Vitousek (1984) offered a more sophisticated analysis by considering the total magnitude of nutrients that circulate in litterfall at the level of entire forest stands. He reasoned that if a nutrient is limiting to plant growth at the stand level, the nutrient use efficiency (NUE, ratio of dry mass to nutrient) in litterfall should be high in forests that experience low rates of circulation of that nutrient from plants to soils and back. As the availability of the nutrient increases (signified by increased internal circulation), nutrient limitation should disappear at the stand level, and the efficiency of nutrient use should decrease.
Vitousek's analysis suggested that efficiencies of N use are roughly similar in tropical versus temperate forests and that values seem to decrease in a similar pattern with increasing N circulation across both forest types (Figure 3b ). In the case of tropical forests, high N-use efficiency values were largely associated with montane or white-sand forests that experienced low rates of N circulation. Most lowland tropical forests displayed consistently low N-use efficiency. In the case of P, however, high nutrient use efficiency occurred in both montane and lowland tropical forests subject to low rates of P circulation. This subset of forests displayed dry mass to P ratios that exceeded values from temperate and boreal forests (solid line in Figure 3b) . However, most other forests displayed consistently low values of P efficiency, similar to temperate forests, and experienced higher rates of P circulation. From these patterns, Vitousek inferred that P rather than N most likely limits plant growth in a subset of tropical forests. Tanner et al. (1998) have extended this argument by suggesting that P limitation ought to dominate in lowland forests and N limitation in montane forests across the tropics. McGroddy et al. (2004) offered an analogous but more direct analysis of forest stand-level N and P contents across latitudes worldwide. They reported a significant increase in canopy N:P ratios with decreasing latitude (a pattern also found across individual tree species; Hedin 2004 , Reich & Oleksyn 2004 , and an even more dramatic increase in litterfall N:P in many low-latitude tropical forests (Figure 3c ). This analysis also suggests that N tends to be abundant relative to P across many tropical forests.
A limitation of both these analyses is that they seek to generalize across forests that are demonstrably variable. For example, while it is true that the ratio of dry mass to P is greatly elevated in tropical forests subject to low rates of internal P circulation, it is also true that this high ratio applies only to a limited subset of forests in the total dataset and that the remaining forests (especially those with higher P circulation) surprisingly do not differ much from their N-limited temperate counterparts (Figure 3b) . Similarly, it is clear that while some forests at low latitudes display very high litterfall N:P ratios, several other forests do not (Figure 3c) . From the perspective of this review, it is therefore difficult to judge the degree to which different tropical forests are constrained by P but rich in N (consistent with obligate fixation in Figure 2b) , poor in N (consistent with lack of fixation in Figure 2a ), or perhaps colimited by both N and P (consistent with facultative fixation in Figure 2c) .
Nutrient manipulations offer a uniquely direct way to examine plant nutrient limitation, yet such experiments have been limited to only a handful of locations worldwide and have offered a complex picture of the tropical N cycle. Experiments have shown P limitation and abundance of N in geologically old and P-poor Hawaiian soils (Vitousek & Farrington 1997) , N limitation in geologically young Hawaiian soils (Vitousek & Farrington 1997) , combined N and P limitation in Jamaican and Venezuelan montane forests (Tanner et al. 1990 (Tanner et al. , 1992 , combined N and P limitation in Amazonian secondary forests on P-poor oxisols (Davidson et al. 2004) , and N limitation on seed and fruit production without any clear nutrient effect on plant biomass growth in Panamanian forests (Kaspari et al. 2008) . In central African lowland rainforests, additions of P failed to stimulate both tree growth and seedling establishment (Newbery et al. 2002) . Similarly, both N and P failed to stimulate growth in primary lowland forests of Borneo, although litterfall increased in response to both nutrients (Mirmanto et al. 1999 ). It is difficult to interpret these diverse results, in part because they derive from few locations, but also because, with the exception of Newbery's and Mirmanto's work, experiments are critically lacking from P-poor soils that are commonly found in lowland tropical regions.
ECOSYSTEM NITROGEN EXPORT
A direct signal of forest N status comes from the patterns of ecosystem N loss, based on the model predictions in Figure 2 . Such analysis benefits from a much larger and more nuanced dataset than that of fertilization experiments. We here focus on patterns of dissolved losses of bioavailable nitrate or gaseous N losses from the denitrification of nitrate following the approach of Hedin et al. (2003) . The idea is that in N-limited conditions, forests should export primarily unavailable forms of N such as DON and little nitrate or gaseous N, as illustrated in Figure 2a . In N-replete conditions, however, forests should export noticeable amounts of nitrate or gaseous N in addition to DON, as indicated in Figure 2b (Hedin et al. 1995 , Menge et al. 2009b , Perakis & Hedin 2002 . Hedin et al. (2003) confirmed this expected pattern of N loss across a four-million-yearsubstrate age gradient in the Hawaiian islands (Figure 3d ): Demonstrably N-limited forests on geologically young (<20,000 years) substrates did not export significant nitrate or gaseous N, whereas demonstrably P-limited forests on older substrates exported substantial amounts of N as nitrate and gaseous N relative to DON. These findings illustrate not only that ecosystem N losses reflect nutrient limitation status, but also that tropical forests can become very rich in N over developmental time (millennia or longer) and can sustain significant rates of N export (likely up to 10-15 kg ha −1 year −1 ; Hedin et al. 2003 , Houlton et al. 2006 . We conclude that patterns of N loss appear to constitute a straightforward and direct way to evaluate N richness relative to other resources within and across forested ecosystems.
Additional observations of nutrient fluxes in tropical forests offer support for the idea that losses of dissolved nitrate are high in many tropical forests (Biggs et al. 2004 , Forti et al. 2000 , Lesack 1993 , McDowell & Asbury 1994 , Neill et al. 2001 , Pringle et al. 1990 , Ramos-Escobedo & Vazquez 2001 , Schrumpf et al. 2006 , Wilcke et al. 2001 , Williams et al. 1997 . Newbold et al. (1995) documented large sustained losses of nitrate (4-6 kg N ha −1 year −1 ) and of total dissolved N (6-10 kg N ha −1 year −1 ) across six undisturbed Costa Rican watersheds, over a period of three years. Lewis et al. (1999) showed that undisturbed tropical forested watersheds often display significant nitrate losses, with total dissolved N export ranging up to 5-10 kg N ha −1 year −1 . In addition, direct field measures suggest that rates of gaseous N loss can be exceedingly high in tropical forests compared to their temperate and boreal counterparts (Hall & Matson 1999 , Hedin et al. 2003 , Matson & Vitousek 1987 , Robertson & Tiedje 1988 , Vitousek & Matson 1988 ). Finally, a complete isotopic input-output budget across several Hawaiian rainforests revealed the existence of sustained gaseous N losses on the order of 2-9 kg N ha −1 year −1 , which, in combination with dissolved N losses, caused total N export up to about 15-18 kg N ha −1 year −1 (Houlton et al. 2006) .
To summarize, these observations suggest that export of bioavailable N (e.g., dissolved nitrate), and/or export via pathways that depend on bioavailable N (e.g., gaseous N), is relatively common in tropical forests and that it can occur in substantial quantities in some forests. Although our analysis indicates a propensity for tropical forests to develop N-rich conditions, it does not offer an explanation of how these losses are maintained nor does it resolve the paradox of whether BNF is the responsible factor.
PARADOX RESOLUTION
At heart, the paradox of tropical N richness considered in this review is caused by the lack of mechanistic resolution between perspectives on plant-nutrient interaction at the level of ecosystems versus the level of physiology and ecology of individual N-fixing plants. We observe high rates of N loss at the ecosystem scale, which, in turn, implies the existence of large N inputs from a source external to the ecosystem. BNF has been proposed as a likely candidate (Cleveland et al. 1999; Galloway et al. 1995 Galloway et al. , 2004 Houlton et al. 2008; Jenny 1950 ), but such sustained inputs are inconsistent with theories suggesting that individual N-fixing plants ought to down-regulate fixation in N-rich soil environments.
What is needed is an explanation capable of resolving the underlying mechanisms at both the ecosystem and individual levels. Such an explanation may or may not invoke BNF as the primary mechanism. One alternative explanation is that atmospheric N deposition may deliver sufficient external N to tropical biomes. High levels of N deposition could act to maintain N availability above other resources and, thus, bring about sustained export of dissolved nitrate. A second alternative is that our conception of the present-day dynamical state of the tropical N cycle might be in error. Specifically, bioavailable N losses could be sustained by the existence of a significant net imbalance in the large internal N stores of tropical forests, without the need to invoke any input of corresponding magnitude.
A different point of view is offered by the proposition that high rates of N fixation are sustained in P-poor and N-rich tropical forests because N fixation may enhance a plant's competitive ability for P (Houlton et al. 2008 ). However, though P-poor conditions can easily explain P limitation, they cannot easily explain the overabundance of bioavailable N in tropical forests. Maintenance of N richness over P or any other resource demands significant inputs of external N by a process that does not down-regulate at high N availability, such as obligate or overfixation (Figure 2b ) or large atmospheric deposition fluxes.
We next evaluate three specific mechanisms that individually or in combination can resolve the apparent paradox of N richness: (a) biological N fixation, (b) atmospheric N deposition, and (c)
• N cycle disequilibrium.
HYPOTHESIS 1: BIOLOGICAL NITROGEN FIXATION
A necessary condition for BNF to serve as the key driver of N richness is the presence of putative N fixers. In an early review of African forests, Högberg (1986) pointed out that taxa of N-fixing trees range from common to rare in humid forests of west and central Africa. In Table 1 , we show the distribution and abundance of legumes across different tropical forests worldwide using an established network of 50-ha tree diversity plots (Losos & Leigh 2004 ). This analysis shows that while legumes are present in many forests at greater than 2% of total basal area, they are abundant in some forests but virtually absent in others. This heterogeneity in legume abundance undermines leguminous BNF as a unifying mechanism to explain N-rich tropical systems. We note, however, that relatively little is known about the N cycle and nutrient limitation in the 50-ha plots in southeast Asia, the sites in Table 1 where legumes are virtually absent. Moreover, measures of legume abundance may overestimate the potential for N fixation because many legumes cannot fix N. Nodulation is generally thought to be a generic trait (Sprent 2009 ). Within subfamilies roughly 54% of genera in Mimosoideae and 62% in Papilionoideae can fix N, whereas only 5% of genera in Caesalpinoideae are capable of doing so (de Faria & de Lima 1998 , de Faria et al. 1989 , Moreira & Franco 1994 , Sprent 2005 . Sprent (2009) described major differences in distribution of legume genera across equatorial rainforests in South America, Africa, and Asia, combined with differences in ability to fix N across different legume genera. Sprent notes that, though less studied, many African legumes are from taxa that are not likely able to fix N. For example, the Congo River basin contains forests that are dominated by legumes, but the most common species is a nonfixing Caesalpinoid (Högberg 1986 ).
We also examined McKey's idea that symbiotic N fixers should have higher foliar N contents than nonfixing plants. By comparing nine common tropical families, Townsend et al. (2007) documented elevated foliar N in legumes (Fabaceae) versus nonlegumes, but no clear taxonomic differences in P. Studies from native tropical forests have similarly shown that foliage N tends to be higher in legumes versus nonlegumes (Martinelli et al. 1999 , Nardoto et al. 2008 , Thompson et al. 1992 . In their analysis of foliar properties across the Amazon Basin, Fyllas et al. (2009) reported higher N and P in foliage from N fixers than nonfixing taxa, but small to nonexistent differences between N-fixing versus nonfixing legumes. Both Townsend et al. and Fyllas et al. point out that there exist large differences in foliar N and P across tropical plant taxa, such that comparisons between fixing versus nonfixing plants must be placed in the context of broader taxonomic variation before inferring ecological and evolutionary implications.
For forests where putative N-fixing trees are abundant, we sought to evaluate field evidence for whether BNF is obligate or facultative with respect to N availability. Direct observations show that nodules can range from abundant to rare across forests, but we have little to no understanding of factors that govern this variation (de Faria & de Lima 1998 , de Faria et al. 1989 , Moreira & Franco 1994 , Moreira et al. 1992 , Norris 1969 . From his observations in Congo, Bonnier (1958) noted that trees in intact forests rarely were nodulated, but that nodulation was common in recently disturbed habitats-as expected for facultative fixation. Similar reports of limited nodulation in intact forests come from Amazonia (Norris 1969 , Sylvester-Bradley et al. 1980 ) and elsewhere (Beirnaert 1941 , Keay 1953 ; both cited in Robertson & Rosswall 1986) . Studies of Acacia koa in Hawaii show that BNF can drop rapidly after stand-level disturbance and is coincident with increasing soilbioavailable N (Pearson & Vitousek 2001 )-which is, again, consistent with facultative fixation.
Field measures across a natural gradient of N availability in native Panamanian rainforests revealed high rates of nodulation and fixation in recently disturbed (either direct physical disturbance or flooding) and N-poor forests, as well as in areas of disturbed forest gaps (Barron 2007) . In contrast, Barron found nodulation and fixation to be virtually absent from undisturbed oldgrowth forests, despite an abundance of N-fixing legume species. This landscape-level pattern is consistent with facultative fixation in response to local variations in N availability.
Nevertheless, legume nodulation can be significant in forests subject to seasonal flooding (Bordeleau & Prevost 1994 , Moreira et al. 1992 , Saur et al. 2000 and in physically disturbed terra firme forests (Barron 2007 , Moreira et al. 1992 . Sprent (2001) reported a rare example of several genera of nodulating legume trees and lianas in a Cameroon forest, with nodules occurring in the uppermost and thin soil layer of organic plant litter ( J.I. Sprent, personal communication). As a whole, these field observations suggest that nodulation is rare unless soils are low in N due to denitrification and leaching associated with flooding or physical disturbance. In addition, depletion of N relative to P in the organic-rich litter layer of soils may promote a local biogeochemical niche that induces N fixation (Barron et al. 2009 , Menge & Hedin 2009 ).
Small-scale potted-plant experiments with tropical legume seedlings have nearly exclusively shown facultative down-regulation of nodulation and fixation at high soil N, often to the point of complete inhibition (e.g., McHargue 1999 , Pons et al. 2006 , van Kessel & Roskoski 1983 . Pons et al. (2006) reported substantial but imperfect (that is, some fixation persisted in high N conditions) down-regulation in the case of one species grown in conditions of combined high levels of N and P. In contrast, field studies from temperate forests suggest that N-fixing trees such as Alnus and Coriaria may not appreciably down-regulate fixation in conditions of high soil N availability (Binkley et al. 1992 , Menge & Hedin 2009 ), which is a pattern consistent with obligate or over fixation (Figure 2c ). It may be relevant to note that these fixers depend on symbioses with bacteria of a different taxonomic identity than that of legumes.
It is more difficult to interpret evidence of N fixation from analyses of natural abundances of 15 N stable isotopes across individual trees. Such analyses have led to various conclusions, from reports of substantial fixation in tropical forests of French Guyana and Guyana (Pons et al. 2006 , Roggy et al. 1999 ) to suggestions of little or no fixation in lowland rain forests of Cameroon (Högberg 1997) . The approach assumes that N fixation can be calculated from a simplified isotope mixing equation between two distinct end members: atmospheric N 2 and soil N. However, this assumption likely oversimplifies the considerable complexity observed in 15 N across different soil N pools and fractionating paths of the plant-soil N cycle (Boddey et al. 2000; Evans 2001; Högberg 1997; Houlton et al. 2006 Houlton et al. , 2007 . That 15 N signatures of nonfixing plant species often differ by 4-6 per mil in a single location indicates the lack of a distinct soil end member. From the perspective of this review, we therefore consider the 15 N approach promising but, at present, insufficient for clearly resolving N fixation at the individual plant level.
Although limited in scope, the available evidence from tropical trees suggests that facultative N fixation may be a fairly widespread strategy among leguminous fixers. The virtual absence of fixation in N-rich old-growth forests, combined with strong down-regulation in potted plant experiments, suggests that many plants follow a finely tuned strategy of perfect facultative fixation (Figure 2c ). Because evidence from field studies is so limited, however, we cannot rule out overfixation as a common strategy. Symbiotic fixation by trees could still help resolve the N paradox if the facultative response is imperfect, such that overfixation takes place in N-rich conditions. For instance, time lags inherent in the physiological regulation of BNF might in a variable environment yield periods of overfixation (Menge et al. 2009a) , even when individual plants seek to minimize the energetic costs of N fixation.
Information from nontree N fixers is even sparser. Little is known about lianas (Sprent 2001) . Nonsymbiotic fixation by free-living heterotrophic bacteria is primarily restricted to shallow soils and the organic litter layers that covers these soils (Barron et al. 2009 , Reed et al. 2008 , Sprent & Sprent 1990 , Vitousek et al. 2002 . While rates of heterotrophic fixation typically are low compared to actively fixing legumes, such fixation can nevertheless bring in significant quantities of external N to ecosystems: up to ∼12 kg N ha −1 year −1 in some locations of wet Costa Rican lowland forests (Reed et al. 2008) . Field studies have shown that heterotrophic fixation can be down-regulated by additions of N fertilizer (Barron et al. 2009 , Crews et al. 2000 ; but see Reed et al. 2007) and that rates may also be controlled by molybdenum in some tropical soils (Barron et al. 2009 ) and P in others (Reed et al. 2007 ).
Fixation by canopy N fixers-epiphytic cyanolichens, cyanobacteria in bryophytes, and freeliving bacteria on epiphylls-can also contribute significant external N inputs to tropical forests (up to ∼5 kg ha −1 year −1 ; , Freiberg 1998 , Matzek & Vitousek 2003 , Reed et al. 2008 ). demonstrated that abundances of N-fixing cyanolichens were influenced by long-term fertilization of montane Hawaiian soils. Although epiphytes appeared to respond to increased P availability on canopy surfaces (mediated by plant uptake and foliar leaching), there was no clear overall response to N addition. Matzek & Vitousek (2003) noted a similar lack of response of epiphytic fixers to changing soil N along a Hawaiian substrate age gradient, as did Menge & Hedin (2009) along a New Zealand substrate age gradient of temperate forests.
HYPOTHESIS 2: ATMOSPHERIC NITROGEN DEPOSITION
Studies of polluted temperate forests have shown that chronic N deposition can trigger export of substantial amounts of nitrate from watersheds that otherwise would not naturally leak nitrate (Aber et al. 1998 , Perakis & Hedin 2002 . It is difficult to extend these findings to tropical forests because-with the exception of local pollution hot-spots-rates of N deposition are thought to be low. A recent atmospheric model suggests that preindustrial N deposition was only slightly higher in tropical forests than that of temperate forests (<2.5 kg N ha −1 year −1 ; Galloway et al. 2004 , Dentener et al. 2006 , and that present-day values have increased further (up to 5 kg N ha −1 year −1 ). Values can be substantially higher downwind of dryland regions of Africa and South America, which burn frequently.
Direct measures of deposition are few and subject to variations in quality, preservation, and/or local emissions such as biomass burning, cattle farming, and agricultural fertilizer. Boy et al. (2008) reported a strong correlation between N deposition and biomass burning in an Ecuadorean montane forest, with more than half of total depostion (∼10 kg N ha −1 year −1 ) caused by burn events. Markewitz et al. (2006) reported nitrate deposition at 0.1-2.5 kg N ha
across 17 individual studies throughout the Amazon Basin. Ammonium deposition was reported in the range of 0.6-4.7 kg N ha −1 year −1 , and total inorganic deposition was in the range of 1.5-5.5 kg N ha −1 year −1 . Ammonia generally does not travel far from the emission source before it is returned by wet or dry deposition. The ammonium component of deposition might therefore not represent new N from a source external to large forested regions, but rather recycled N similar to the distinction that marine biogeochemists make between new N delivered by external upwelling versus recycled N delivered by internal N mineralization.
The emergence of N pollution in some tropical areas may offer additional N inputs, but it appears unlikely that such local and recent effects are sufficient on their own to explain the existence of geographically broad trends in the tropical N cycle. Although atmospheric inputs of <5 kg N ha −1 year −1 may be enough to sustain nitrate losses from some tropical forests, the fluxes do not appear large enough for other forests. Deposition may therefore serve as an important background N source, but a significant additional source is needed to generate richness and loss of N from many tropical forests.
HYPOTHESIS 3: ECOSYSTEM DISEQUILIBRIUM
It is possible that the tropical forest N cycle simply does not follow the traditional assumption of quasi-balance between losses and inputs over longer time periods. We can envision scenarios in which ecosystem N losses exceed inputs, and which could generate losses of bioavailable N, albeit over a transient period. Such nonequilibrium effects may be caused by changes in factors such as atmospheric CO 2 , climatic conditions, or rates and nature of disturbances. Increasing CO 2 does not favor ecosystem N losses, however, as accelerated forest growth in response to CO 2 fertilization only serves to increase demands and retention of N in ecosystems. Such accelerated forest growth has been documented across broad regions of Amazonia and Africa , Phillips et al. 1998 .
Very little is known about the sensitivity of tropical N cycles to variations in climate associated with El Niño/Southern Oscillation, migration of the intertropical convergence zone, or similar dynamics (Haug et al. 2001) . It is clear, however, that tropical forests are affected by broad climatic trends such as increased temperatures and decreased moisture in African montane forests (Hemp 2009 ), reduced cloud cover in Costa Rican montane forests (Pounds et al. 1999) , and the possibility of severe droughts in lowland Amazon forests (Phillips et al. 2009 ).
How to reconcile these and similar broad trends with the modern-day tropical forest N cycle is unclear. Although empirical observations are limited, the widespread tendency for tropical forests to leak bioavailable N suggests that any governing mechanism(s) ought to operate at a synoptic scale.
SYNTHESIS: THE LEAKY NITROSTAT MODEL
We propose a conceptual model capable of resolving the paradox of tropical N richness at levels of both ecosystem and individual physiology. Our model depends on the interaction of several factors that determine N inputs to tropical forests. First we assume based on theory and observations that symbiotic N-fixing trees employ a perfectly facultative strategy. These fixers can therefore selfishly induce N fixation in any N-poor environment created by disturbances such as soil erosion, tree blowdown, fire, or flooding. Such up-regulation of N inputs is not limited to young trees, as evidenced by nodulation by adults in the litter layer of Cameroon forests (Sprent 2001) and in tree fall gaps of Panamanian forests (Barron 2007) . In N-rich conditions, however, trees appear to down-regulate fixation to low or negligible levels-a strategy that benefits the individual by minimizing energetic costs. Functionally, N-fixing trees can therefore act to rapidly redress any local N deficiencies that develop within tropical landscapes in the manner of a nitrostat (Menge & 
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Hedin 2009), but are not capable of elevating N above P or other resources in the manner shown in Figure 2b .
Second, we assume that N bioavailability is not homogeneously distributed within forests, but that there exist localized biogeochemical niches in which N fixers are decoupled from N conditions in soils (Menge & Hedin 2009 ). Of central importance is the existence of vertical gradients in N fixation (Barron et al. 2009 , Menge & Hedin 2009 , Reed et al. 2008 , which imply that some layers can remain N poor even though others are N rich. For example, the soil litter layer is naturally N poor because plant tissues are rich in C relative to N compared to decomposers. Sustained litterfall ensures that this layer remains N poor and that it immobilizes bioavailable N. The litter layer therefore remains an environment in which heterotrophic bacteria (and possibly shallow-rooted plants) can gain individual benefit through N fixation, even if deeper soils are N rich and produce bioavailable N by mineralization. The canopy layer can be analogously treated as N poor assuming that epiphytic fixers are largely decoupled from soil N conditions (Menge & Hedin 2009 ). The leaky nitrostat model. We propose this conceptual model capable of resolving the paradox of tropical N richness at both levels of the ecosystem and individual organisms. In N-rich conditions, nitrate accumulates in soils causing facultative N-fixing legume trees (a) to cease N fixation and, thus, act as a nitrostat sensu Menge & Hedin (2009) . However, the process of annual litterfall (b) generates a thin layer of litter and organic soil on the soil surface, which remains N poor and can sustain active N fixation by heterotrophic bacteria (or possibly shallowly rooted legumes) (c). Similarly, the forest canopy can be considered independent of soil N availability such that it remains N poor even if soil nitrate builds up. The canopy can thus sustain active N fixation. (d ) External N also enters the system via atmospheric deposition. (e) Ecosystem N inputs by nonlegume fixation and deposition combined (c + d + e) are large enough to maintain N richness over other resources in deeper soil layers and to sustain hydrological losses of nitrate to groundwater and watershed streams ( f ).
Third, we assume that despite the lack of active fixation by trees in N-rich conditions, significant amounts of N enter the ecosystem through three vectors that each function independent of soil N conditions: heterotrophic fixation in litter of shallow soils (vector c in Figure 4) , canopy fixation by epiphytic fixers (vector d ), and atmospheric N deposition (vector e). In combination, these three vectors are, in many forests, capable of delivering sufficient amounts of N to further up-regulate the N cycle beyond other resources and to generate a sustained leak of bioavailable N from the nitrostat.
The N paradox considered here offers a prime example of lack of parsimony between explanations at ecosystem versus individual levels of biological organization. Our model offers the essential dynamics needed to generate and sustain richness in N relative to P and other resources in humid tropical forests. Our explanation depends on the existence of heterogeneity within ecosystem pools traditionally considered fully mixed and defined by a single mean field condition. Although the model assumes a vertical gradient in N availability, it does not at this point seek to explain remaining issues of horizontal or vertical redistribution of N or other resources. Such redistribution occurs through litterfall, root turnover, or mychorrizal symbioses and may have local implications for strategies of N fixation among organisms. Indeed, the paradox of tropical N richness identifies the need to integrate organismal and ecosystem approaches to resolve fundamental issues of how our Earth system is organized.
FUTURE ISSUES
1. Resolution of the tropical N cycle is critical because it affects our understanding of how tropical forests function within the integrated Earth-climate system.
